The human cytomegalovirus (HCMV) open reading frame UL83 encodes a phosphoprotein of 64 to 68 kDa (pp65) which is a major constituent of the virion and dense bodies. To determine the importance of this HCMV gene in the virus cycle, we studied HCMV replication in astrocytoma cells stably transfected with a retroviral vector carrying an antisense UL83 cDNA. Reverse transcription-PCR detected antisense RNA in the cytoplasm. The steady-state level of a 4-kb RNA containing coding sequences for pp65 was significantly reduced after infection of antisense cells. Concomitant with this, levels of expression of pp65 and pp71 (UL82) were severely reduced. Extracellular HCMV production was almost completely blocked, irrespective of the multiplicity of infection or the time after infection studied. The block occurred at an early phase, since immediate-early protein synthesis occurred normally, while several late proteins (e.g., pp150 
The human cytomegalovirus (HCMV) virion is composed of a not yet defined number of proteins (reviewed in reference 36). Many of these have been ascribed locations in the nucleocapsid, at the internal surface of the envelope, or in the intervening tegument. A few of these proteins can also be found in dense bodies, which are DNA-free, enveloped by-products of HCMV-infected cells. The tegument protein pp65 (ppUL83) appears to be structurally important, judging from the fact that it comprises 15% of the protein mass of virions and Ͼ90% of that of dense bodies (10) . In addition, pp65 plays an important role in vivo, since it is the principal target of cytotoxic T lymphocytes (reviewed in reference 27). In addition, pp65 is the major protein detected during viremia in the nuclei of circulating polymorphonuclear leukocytes (antigenemia) (11) . Finally, pp65 carries two nuclear localization signals (32) and is immediately transported to the nucleus following contact of virus with the cell membrane (11, 26) , suggesting that it plays an important role in the beginning of the virus cycle.
pp65 is encoded by open reading frame (ORF) UL83, which lies downstream of the gene encoding pp71 (UL82) (29) . pp65 is translated from the 5Ј end of a 4-kb RNA, the 3Ј portion of which carries sequences corresponding to pp71. The latter protein shares 24% identity in the first 344 amino acids with pp65, suggesting gene duplication. pp71 is a structural protein of the tegument and has been shown to play a role stimulating the major immediate-early (IE) promoter (21, 36) alone or in synergy with pUL69 (38) . pp65 is coded from the 5Ј end of a 4-kb RNA, the 3Ј portion of which carries sequences corresponding to pp71. There is evidence that pp65 and pp71 may be encoded by this bicistronic RNA (13, 21, 29) .
In light of the apparent importance of pp65, we set out to determine if interference with the expression of pp65 RNA would impair HCMV replication. For this purpose, virus replication was studied in astrocytoma cell populations stably transfected with a retroviral plasmid carrying an antisense UL83 gene. Inhibition of gene expression by specific antisense mRNA is one strategy used for blocking gene function and examining the essential nature of a viral gene. HCMV DNA synthesis and extracellular virus production were almost completely blocked. While this work was in progress, a pp65 deletion mutant virus (RVAd65) which replicated well in fibroblasts was developed (33) . In our antisense cells, replication of RVAd65 was unaffected, indicating a specific effect of the pp65 antisense RNA expression. The seeming contradiction of these results is discussed in light of our observation that pp71 transcription and protein synthesis were also severely reduced in our pp65-antisense cells, which suggests that the 4-kb mRNA, which codes for pp65 and was targeted in UL83-antisense cell populations, may also code for the viral transactivator (21) pp71.
MATERIALS AND METHODS
Cells. Human astrocytoma cells (U373MG) and human foreskin fibroblasts (a gift from C. Paya, Mayo Foundation, Rochester, N.Y.) were grown in Dulbecco's modified Eagle's medium supplemented with 2 mM glutamine and 5 and 10% serum, respectively. All cells were routinely tested for mycoplasma and were negative.
Virus. HCMV strain AD169 was used throughout. Stocks of HCMV were generated in human foreskin fibroblasts, and titers were determined by plaque formation under 0.64% carboxymethyl cellulose. Herpes simplex virus (HSV) 1471 strain (a generous gift from F. Rapp, Hershey Medical School, Hershey, Pa.) was maintained and titers were determined on human fibroblasts. Virus stocks were negative for mycoplasma contamination. RVAd65 containing a substitution of the neomycin resistance gene for the UL83 ORF was described previously (33) .
Cells were infected with various multiplicities of infection (MOIs). All points were performed in triplicate. After viral adsorption at 37ЊC for 1 h, cells were washed twice with phosphate-buffered saline (PBS) and refed growth medium. Supernatants were collected at 5, 10, and 15 days postinfection (p.i.) and clarified by centrifugation at 2,000 rpm for 10 min at 4ЊC. Virus titers were determined as described above.
Plasmids. The vector carrying the UL83 antisense gene used for stably transfecting cells was constructed as follows. ORF UL83, encoding protein pp65 (nucleotides 280 to 2049), was excised from the expression vector pp65-RSV (gift from G. Jahn and B. Plachter, Erlangen, Germany) by digestion with XbaI and XhoI. It was then cloned into a retroviral vector, pLXSN (24) , under the control of the murine Moloney sarcoma virus (MuSV) long terminal repeat (LTR), which carries the neomycin analog (G418) resistance gene, using the XhoI site in the polylinker. This procedure was followed by blunt ending with Klenow enzyme, ligation, and transformation of Escherichia coli HB101. The antisense orientation in the plasmid designated p65RevLX was determined by enzymatic digestion.
To obtain a probe specific for pp65 antisense and sense RNAs, we cloned the ppUL83 ORF into pcDNA 1 (Invitrogen, R&D Systems, Oxon, England). RSVpp65 was linearized with XbaI and blunt ended with Klenow polymerase, and then the ORF was liberated by digestion with XhoI. The gel-extracted band was ligated into pcDNA1 digested with EcoRV-XhoI, yielding plasmid T7SP6-pp65. Transcription and translation of this plasmid by using T7 polymerase followed by in vitro translation of the resulting mRNA (by using Promega kits according the manufacturer's instructions) gave rise to a protein of 65 kDa immunoprecipitable with a pp65-specific monoclonal antibody (MAb), F6b (1, 35) (results not shown), and recognized by immunoblotting with MAb NEA9220 (Cambridge Biotech Corp., Worcester, Mass.).
A construct containing the region coding pp71 from amino acids 434 to 495 (pStuB32) was the generous gift of W. Lindenmaier (20) .
Stable transfection of cells with the antisense UL83. p65RevLX and the empty vector (pLXSN) were used for stable transfection of U373MG astrocytoma cells, which are fully permissive for HCMV replication (9) . Cells were transfected by the calcium phosphate technique at a ratio of 1 g of DNA per 10 6 cells. Two days after transfection, cells were reseeded in 48-well plates in Dulbecco's modified Eagle's medium-5% fetal calf serum containing 400 g of G418 (GIBCO-BRL) per ml. Some neomycin-resistant cell populations obtained 3 to 4 weeks later were initially screened for the presence of pp65-specific RNA by dot blot hybridization (see below).
Preparation and hybridization of RNA and DNA. Viral DNA was extracted from uninfected cells and cells after 1 h of virus absorption (t ϭ 0) and at 15, 48, and 72 h p.i., using the Hirt technique (14) . Serial dilutions of DNA (ranging from 1 to 0.125 g) were transferred to Hybond-Nϩ (Amersham) filters in 10ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) buffer, using a dot blot apparatus. Membranes were denatured for 5 min in 1.5 M NaCl-0.5 M NaOH buffer, neutralized in 0.5 M Tris-HCl-1.5 M NaCl for 5 min, and then rinsed in 2ϫ SSC. Filters were prehybridized in 0.5 M sodium phosphate buffer (pH 7) containing 7% sodium dodecyl sulfate (SDS) at 65ЊC for 1 h. Hybridization was carried out by overnight incubation in the same buffer at the same temperature. The Towne strain HindIII C fragment was used as a probe. This fragment was excised from plasmid pRL103 (gift from R. LaFemina, Merck, Sharp & Dohme, West Point, Pa.) (25) and 32 P labeled by random priming. Filters were washed with 0.1% SDS-2ϫ SSC at room temperature and then with 0.1% SDS-0.1ϫ SSC at 65ЊC and exposed to Hyperfilm (Amersham) with intensifying screens at Ϫ80ЊC.
Total RNA was extracted from HCMV-infected and mock-infected cells by the hot-phenol technique. For dot blot analysis, 5 g of RNA from each colony was denatured in 50 mM NaOH and transferred to Hybond-N (Amersham, Little Chalfont, England) filters with a dot blot apparatus (Bio-Rad, Richmond, Calif.), and RNA was cross-linked by exposure to UV light irradiation for 3 min. Filters were prehybridized and hybridized by using the buffers described above for DNA hybridization. As probe, the XbaI-XhoI fragment of pRSV-65, containing the UL83 ORF, was 32 P labeled. For Northern (RNA) blot analysis, 10 to 20 g of total RNA from infected antisense and control clones was separated in denaturing agarose gels and blotted as described elsewhere (30) . Hybridization with the pp65-specific probes was carried out as described above. As probes, we used (i) UL83 ORF DNA described above; (ii) [ 32 P]UTP-labeled antisense probe (which recognizes the sense RNA) generated by using the 3Ј SP6 promoter; and (iii) [ 32 P]UTP-labeled sense probe (which recognizes the antisense RNA) generated by using the 5Ј T7 promoter of T7SP6-pp65 by in vitro transcription using a RiboMax kit (Promega) according the manufacturer's specifications after linearization of the plasmid with BamHI and XhoI, respectively; and (iv) a pp71-specific probe (20) ; and (v) a glyceraldehyde 3-phosphate dehydrogenase-specific probe, both 32 P labeled by random priming.
Cytoplasmic RNA for reverse transcription-PCR (RT-PCR) was extracted as follows. Trypsinized cells were washed twice with PBS and then resuspended in 100 mM Tris-HCl (pH 8)-50 mM NaCl-10 mM MgCl 2 -0.15 M sucrose-0.5% Nonidet P-40 and incubated on ice for 3 min. Nuclei were removed by centrifugation, and an equal volume of Sarkosyl buffer (100 mM Tris-HCl [pH 8], 50 mM NaCl 50 mM EDTA, 2% Sarkosyl) was added. This solution was then extracted with phenol-chloroform and chloroform. RNA was precipitated in ethanol and resuspended in diethyl pyrocarbonate-treated distilled water.
RT-PCR. Whole cell and cytoplasmic RNAs (2 g) from each stably transfected cell population (U-as65-1 and U-as65-2) and control cells (U-LXSN) were reverse transcribed into single-stranded cDNA by using primer UL83-B (5Ј CTT CCT GGA GGT ACA AGC CAT ACG C 3Ј), spanning nucleotides 1318 to 1342 of the published UL83 sequence (29) (Fig. 1) . As a control, the same amount of these RNAs was reverse transcribed into ␤-actin cDNA, using as the primer Act-3Ј (5Ј-CCC CCC TGA ACC CCA AGG CCA ACC G-3Ј), spanning nucleotides 144 to 163 of the human actin sequence. The reaction mixtures contained 400 ng of primer UL83-B or ACT-3Ј, 0.4 mM deoxynucleoside triphosphates (dNTPs), and 200 U of SuperScript reverse transcriptase (GIBCO-BRL, Eragny, France) in an appropriate buffer system (50 mM Tris-HCl [pH 8.3], 75 mM KCl, 3 mM MgCl 2 , 10 mM dithiothreitol) (GIBCO-BRL) and were incubated at 37ЊC for 1 h. For amplification of specific cDNAs, 5 l of the reverse transcription product was subjected to PCR in a final volume of 50 l containing 400 ng of each primer pair, 2.5 U of Taq polymerase (Promega), 0.5 mM each dNTP, and 100 g of bovine serum albumin per ml in 25 mM Tris (pH 8)-5 mM MgCl 2 -50 mM NaCl.
pp65 antisense primers were UL83-B (described above) and UL83-A (5Ј ATG GCG CCG CCG CCG GTG ACG CGG G 3Ј), spanning nucleotides 1617 to 1593, which amplify a 300-bp fragment. After heat denaturation at 94ЊC for 5 min, amplification was performed for 30 cycles (denaturation at 94ЊC for 90 s; primer annealing and polymerization at 70ЊC for 150 s). pp65 antisense amplification products were analyzed by Southern blot hybridization using as the probe the UL83 ORF described above.
␤-Actin cDNA was amplified with primers Act-3Ј (described above) and Act-5Ј (5Ј-GTG GGG CGC CCC AGG CAC CA-3Ј), spanning nucleotides 364 to 388, which amplify a 246-bp fragment. An initial cycle of denaturation at 95ЊC for 5 min, annealing at 55ЊC for 1 min, and polymerization at 72ЊC for 1 min was followed by 29 cycles (denaturation at 94ЊC for 1 min, annealing 55ЊC for 1 min, and polymerization at 72ЊC for 1 min). Actin RT-PCR products were analyzed in agarose gels by ethidium bromide staining.
Antigen extraction and Western blotting (immunoblotting). Cells were scraped and then washed twice with PBS. Cell pellets were resuspended in lysis buffer (20 mM Tris-HCl [pH 9], 300 mM NaCl, 10% glycerol, 2 mM EDTA, 0.5% Nonidet P-40) to which the protease inhibitors leupeptin and aprotinin (10 g/ml) were added. Samples were kept on ice for 20 min and then centrifuged at 10,000 rpm for 10 min at 4ЊC. Protein concentrations in the resulting supernatants were determined by using the Bio-Rad assay. VOL. 70, 1996 HCMV UL83 (pp65) ANTISENSE RNA BLOCKS VIRAL REPLICATION 2087 SDS) was added (volume/volume) to aliquots containing the same amounts of protein for each sample. Preparations were boiled before being loaded onto an SDS-10% polyacrylamide gel. Following separation, proteins were transferred to reinforced nitrocellulose (Sartorius), using a semidry apparatus (LKB-Pharmacia) and 20 mM Tris (pH 8.3)-150 mM glycine-20% methanol buffer for 2 h at 100 mA. Blots were stained with Ponceau red (Sigma) to assess transfer efficacy and then saturated by incubation in PBS containing 0.5% Nonidet P-40 and 5% fat-free milk for 1 h at room temperature. All antibodies were diluted in PBS containing 0.1% Tween 20 (PBS-Tween) and 5% fat-free milk, and all incubations were performed at room temperature with shaking. After incubation with the primary murine MAb, blots were washed three times (10 min each) in PBS-Tween and then incubated for 1 h with biotinylated anti-mouse immunoglobulin G antibody (Amersham) diluted 1:400. Membranes were again washed three times in PBS-Tween and incubated with a streptavidin-peroxidase complex (Amersham) diluted 1:500 for 1 h. When polyclonal rabbit serum was used, the second antibody was a peroxidase-labeled anti-rabbit antibody (Amersham) diluted 1:1,000 in PBS-Tween-milk. All washes were performed in PBS-Tween-milk. Detection in all cases was performed with the Amersham ECL system according to the manufacturer's instructions.
Immunological reagents for Western blots. Antigen detection in Western blots was performed with different MAbs. For pp65, MAb NEA9220 (DupontNemours), which recognizes the lower matrix, was used at a dilution of 1:100. For the major IE proteins, MAb E13 (gift from M. C. Mazeron), which recognizes specifically exon 2 (22) of the IE1-IE2 proteins, was used as the culture supernatant at a dilution of 1:5. To detect a late antigen, MAb NCNL 02/03 (generous gift from H.-P. Hartus, Behring), which recognizes specifically the large structural phosphoprotein pp150 (ppUL32), was used at a dilution of 1:150 and polyclonal anti-pp71 (ppUL82) rabbit serum (SA 140) was used at a dilution of 1:1,000.
Detection of nuclear HCMV antigens by immunofluorescence. Cells were seeded onto Lab-Tek (Nunc, Naperville, Ill.) slides (50,000 cells per well). After overnight incubation at 37ЊC, cells were infected at 1 PFU per cell and sampled 4, 16, 24, 48, 72, and 96 h after infection. Cells were air dried, then fixed in ice-cold acetone for 10 min, and redried. The following antibodies were used: E13 (22) , which detects IE proteins; F6b, which recognizes pp65 (1, 35) ; and F4a and F3b, which recognize proteins in the nuclear inclusion body and recognize no nuclear protein in phosphonoacetic acid-blocked cells (1, 22a) . Following incubation with the first antibodies, slides were washed in PBS and incubated with a 1:80 dilution of fluorescein-conjugated anti-mouse immunoglobulin (Dako). After final washing, slides were fixed with 10% formol, mounted in glycerol-PBS (70/30), and examined and photographed in a Leitz Dialux microscope.
Test for the presence of IFN-␣, -␤, and -␥. Supernatants from duplicate wells of uninfected and HCMV-infected (3 days p.i.) antisense cell populations and control cells were clarified by centrifugation at 2,000 rpm for 10 min. Interferon (IFN) antiviral activity was quantified by using a vesicular stomatitis virus cytopathic effect inhibition assay using Madin-Darby bovine kidney cells sensitive to IFN-␣ but not human IFN-␥ (2, 12) and human amniotic cells (WISH) sensitive to IFN-␤ and -␥ as described by Arenzana-Seisdedos et al. (3) . Titers of recombinant human IFN-␥ (gift from W. Fiers) and Sendai virus-induced IFN-␣/␤ were determined in parallel.
Electron microscopy. Cells infected with HCMV at an MOI of 1 for 4 days were prefixed with 1.6% glutaraldehyde, washed in buffer, postfixed with osmium tetroxide, and embedded in situ in Epon as described previously (37) . Ultrathin sections were stained with uranyl acetate and lead citrate and examined in a Jeol-JEM 100CX II electron microscope.
RESULTS

Generation of astrocytoma cells carrying an antisense UL83
gene. UL83, excised from the expression vector pp65-RSV, was cloned in the antisense orientation into the retroviral vector pLXSN (24) under the control of the Moloney MuSV LTR. A retroviral vector was chosen to facilitate integration of the entire genetic cassette contained between the 5Ј and 3Ј LTRs. The antisense UL83 construct (Fig. 1) , as well as the empty vector, was transfected into U373MG astrocytoma cells, and neomycin-resistant cell populations were isolated after 3 to 4 weeks of G418 treatment. Total RNA extracted from many cell populations was tested by dot blot hybridization using a pp65-specific probe. Two populations (designated U-as65-1 and U-as65-2) gave positive results. One neomycin-resistant population (designated U-LXSN) obtained by transfection of the empty retroviral vector was kept as a negative control. We decided to use cell populations rather than individual cell clones in order to have a wide range of cell variability in all cell populations and minimize the intrapopulation difference.
Antisense RNA is expressed in stabilized colonies. To verify the expression of UL83 antisense RNA in U-as65-1 and U-as65-2 cells, we performed RT-PCR and Southern blot hybridization. Both whole cell RNA and cytoplasmic RNA were studied. Figure 2 illustrates the detection of specific antisense RNA in the RT-PCR products of colonies U-as65-1 and U-as65-2. RT-PCR of cytoplasmic RNA yielded an amplified fragment of 300 bp by Southern blotting. Reverse-transcribed RNA from the control U-LXSN cells was negative, as were PCR products of RNA from all samples which had not previously been retrotranscribed.
No further cloning of cells was performed, and the cell lines have expressed antisense RNA stably for more than 20 months.
HCMV progeny production is blocked. We compared extracellular virus production by U-as65-1 and U-as65-2 cell populations with that obtained from control cells (U-LXSN).
Cells were infected for 5, 10, and 15 days with HCMV strain Ad169 at MOIs of 0.1, 1, and 10. As shown in Fig. 3 , on all days after infection, irrespective of the MOI used, extracellular virus production was substantially less in both antisense cell populations than in control U-LXSN cells. For instance, 10 days after infection (Fig. 3b) , at an MOI of 0.1, HCMV replication was inhibited 100%, and at an MOI of 1, it was reduced 98% in U-as65-1 cells and 99.9% in U-as65-2 cells. The level of inhibition was greater at MOIs of 0.1 and 1 than at an MOI of 10 at all times tested. At any given MOI, the extent of inhibition was maintained or increased as a function of time after infection.
HCMV DNA synthesis is inhibited. To determine the level at which the block in HCMV replication occurred, we first performed dot blot hybridization with low-molecular-weight DNA extracted at different times after infection. Antisense and control cell populations were infected at an MOI of 1, and DNA was extracted immediately after virus adsorption and at later times after infection. As shown in Fig. 4 , viral DNA synthesis was clearly inhibited in antisense U-as65-1 and U-as65-2 cell populations 48 h after infection compared with and the control cell line (U-LXSN) were subjected to treatment with reverse transcriptase (RT) followed by PCR using primers described in Materials and Methods. PCR was also performed without prior treatment with reverse transcriptase (RNA). Control RT-PCR was carried out with water (H 2 O). All PCR products were transferred to nitrocellulose and hybridized with the ORF of pp65. An RT-PCR product of expected size (300 bp) was detected only in RNA from antisense colonies which had been retrotranscribed before being amplified by PCR. Specific antisense RNA was detected in both whole cell and cytoplasmic RNA. (C) RT-PCR using ␤-actin primers which amplify a band of 246 bp was performed as described in Materials and Methods on 2 g of total cell or cytoplasmic RNA extracted from control (U-LXSN) or antisense (U-as65-1 and U-as65-2) cells as indicated above the lanes. PCR products were electrophoresed in a 1.2% agarose gel containing ethidium bromide. The lower band sizes of Boehringer marker VI (lane M) are indicated in base pairs.
the control (U-LXSN). Thus, UL83 antisense RNA expression blocks HCMV replication at or before viral DNA synthesis in the antisense cell populations studied.
Analysis of viral protein synthesis. Productive infection of HCMV is regulated in three phases of viral gene expression: IE, early, and late. To better characterize the level at which HCMV infection is blocked in cell populations stabilized with UL83 antisense DNA, we examined which phase(s) of viral gene expression was affected.
Antisense cell populations (U-as65-1 and U-as65-2) and the control U-LXSN cells were infected at an MOI of 1, and proteins were extracted 3, 15, 24, 48, and 72 h p.i.
When protein extracts were analyzed for the presence of IE proteins, no difference in expression was observed between antisense cell populations and control cells at any of the times examined (Fig. 5) .
As expected, expression of pp65 was greatly diminished in antisense cell populations (Fig. 5) . At 48 h p.i., when the protein started to appear, and at 72 h p.i., inhibition of the expression of pp65 was clearly evident. It is noteworthy that pp65 appeared much later in astrocytoma cells than has been reported for infected fibroblasts (23) . Synthesis of another early protein, the DNA-binding protein (dbUL44, p52), was also reduced (results not shown). Analysis performed with MAbs which recognize the late structural protein pp150 (ppUL32) (Fig. 5 ) and the assembly protein (UL80) revealed that at 48 h after infection in both cell populations carrying UL83 in the antisense orientation, there was a strong decrease in reactivity compared with the control cells (U-LXSN) (results not shown). In addition, Western blot analysis showed that pp71, though detectable, was also re- LXSN) , and the two antisense cell lines (U-as65-1 and U-as65-2) and transferred to nitrocellulose. They were then reacted with MAbs which recognize pp150, IE proteins, or pp65 as described in Materials and Methods. IE protein synthesis and persistence did not differ in the various cell lines. pp65 synthesis was clearly blocked in U-as65-1 and U-as65-2 cells. The appearance of the late structural protein, pp150, was completely inhibited. VOL. 70, 1996 HCMV UL83 (pp65) ANTISENSE RNA BLOCKS VIRAL REPLICATION 2089 duced. We also studied the production of pp71 in cells infected at 1 PFU per cell and sampled 5 days p.i. As shown in Fig. 6 , pp71 synthesis was greatly diminished in antisense cell populations. Therefore, UL83 antisense DNA blocks pp65 expression, as well as expression of other early and later proteins, without affecting expression of the major IE proteins.
Analysis of transcripts. The analysis of pp65 protein inhibition was supplemented by Northern blot analysis of pp65 transcription. As shown in Fig. 7A , notable reduction of pp65 mRNA (4 kb) in U-as65-1 and U-as65-2 cells was observed with a probe specific for UL83 DNA. To determine whether the 4-kb transcript detected was the sense RNA and not the antisense transcript, two probes specific for the sense and antisense RNAs were also used (see Materials and Methods). While the probe specific for the sense RNA gave a result similar to that obtained with the probe specific for UL83 DNA (Fig. 7A) , no signal was detected with the probe specific for the antisense RNA (data not shown).
We also examined whether inhibition of UL83 transcription affects UL82 transcription. For this purpose, we used a DNA probe specific for UL82, which codes for the structural tegument protein pp71. Both the 4-and 1.9-kb UL82 transcripts were clearly reduced in both U-as65-1 and U-as65-2 cells (Fig.  7B) .
Analysis of HCMV antigen expression. Results obtained by
Western blotting were confirmed by immunofluorescence. As shown in Fig. 8 and Table 1 , intense IE fluorescence was seen at 4 h p.i. in U-LXSN but was rare in U-as65-2 cells at that time, though they showed intense IE fluorescence at 16 h p.i. At no time after infection did either of the antisense lines (U-as65-1 and U-as65-2) show typical nuclear pp65 fluorescence, whereas the control U-LXSN line showed a majority of fluorescent nuclei 48 h p.i. MAb F4b, which normally recognized late antigens in nuclear inclusion bodies only after viral DNA synthesis (1), failed to detect nuclear antigens in either of the antisense cell populations, while both detected nuclear inclusion body-associated proteins in the control cell line U-LXSN at 48 h p.i. (Fig. 8) . The results obtained are consistent with those previously obtained by Western blotting. Ultrastructural analysis. Cells were prepared for electron microscopy examination 4 days p.i., before cell lysis had occurred. As expected, the control U-LXSN cells (Fig. 9a and b) showed the presence of B and C capsids with a few A capsids in the nucleus, tightly associated with the amorphous skein structure. In the cytoplasm, all forms of enveloped particles, as well as dense bodies, were observed.
In U-as65-1 and U-as65-2 cells, B capsids were the most abundant but were not associated with skein structures (Fig.  9c) . The cytoplasm contained only enveloped particles with translucent cores which resemble noninfectious enveloped particles (15) (Fig. 9d) . In U-as65-1 and U-as65-2 cells, all forms of viral particles were less abundant. Dense bodies were not observed in either antisense cell population (Fig.  9d) .
HCMV inhibition is not due to cell variability. To rule out the possibility that inhibition of HCMV replication was due to a random variability in antisense colonies, we studied virus yield in 35 neomycin-selected cell clones stabilized with nonrelevant genes (n ϭ 18) or subclones obtained from the U-LXSN control cell line (n ϭ 17).
In addition, the extent of virus inhibition in the antisense cell populations (U-as65-1 and U-as65-2) was checked 39 times over a period of 24 months. In the control populations, the inhibition of HCMV production ranged from 22 to 99% (mean, 70.5%; standard deviation, 16.4%) with respect to the cell line which produced the maximum virus yield. In the antisense cell population, the inhibition of HCMV production ranged from 62 to 100% (mean, 91%; standard deviation, 10.7%) of the virus yield obtained in the respective control cell population (U-LXSN).
The statistical analysis of these nonparametrical data (performed with the Kruskal-Wallis test, Student's t test and analysis-of-variance test) gave a highly significant result (P Ͻ 0.0000001), supporting the fact that the inhibition of HCMV replication observed in the antisense cell populations is not due to cell variability.
We also ruled out the possibility that the differential virus yield was due to different cell growth rates. We observed very similar growth curves for both antisense cell populations and for control cells (data not shown).
HCMV inhibition is not due to IFN production. Since antisense mRNA inhibition is mediated by the formation of a double-stranded RNA and it is well known that doublestranded RNA is a powerful IFN inducer, we ruled out the possibility that the observed virus inhibition in the antisense cell populations was an indirect effect mediated by IFN production.
The production of IFN-␣, -␤, and -␥ was tested in the supernatants of HCMV-infected and mock-infected and antisense cell populations and in the control cells, using a test 
a MAbs F6b, F3b, and To determine whether antisense to UL83 could directly affect UL82 gene expression, we examined the ability of RVAd65 to express pp71 in UL83-antisense cell populations. As shown in Fig. 6 , pp71 is produced in RVAd65-infected UL83-antisense cells in amounts comparable to those in control (U-LXSN) cells.
DISCUSSION
Our understanding of the function of the many HCMV gene products is still very limited, mainly because of the small sequence and positional similarity to known genes of other herpesviruses and limited homology to known cellular gene products. Among herpesviruses, antisense technology has been successfully used to inhibit HSV type 1 replication by oligonucleotides (16) (17) (18) and oligodeoxyribonucleosides (7) . Interference with HCMV replication and expression of IE proteins by using transiently introduced antisense oligonucleotides to different regions of the major IE gene complex has also been reported (4, 5) . In addition, antisense oligonucleotides to UL36 to UL38, another set of IE proteins, also inhibit viral DNA replication (34) . Furthermore, antisense technology has recently been adopted to demonstrate that UL44 of HCMV is essential in the viral replication cycle (28) .
In this study, we addressed the question of whether an antisense RNA to UL83 could inhibit viral replication. The protein encoded by UL83 is one of the most abundant structural phosphoproteins. It is rapidly transported into the cell nuclei following contact of virus with the cell membrane and late in the viral cycle is associated with intranuclear viral inclusion (19) , suggesting an important role for this protein.
For this purpose, we established a permanent modification of an astrocytoma cell line (U373MG) permissive for HCMV replication with a retroviral vector carrying ORF UL83 in the antisense orientation under the control of the Moloney MuSV LTR. As a control, we used cells stabilized with the retroviral vector lacking the antisense insert rather than a vector expressing pp65, since stabilized overexpression of a protein can disrupt normal cell functions (6, 31) .
Both cell populations stably expressed antisense pp65 RNA, as detected by RT-PCR. In these cells, HCMV strain Ad169 replication was almost completely inhibited. The strong inhibition persisted up to 15 days (longest time examined) after infection. Specificity of the target inhibition is shown in Northern and Western blots by pp65 RNA and protein reduction, respectively. The fact that inhibition was not always 100% is not surprising and may be explained either by the use of cell populations that have not been subcloned or by the stoichiometric difference between sense and antisense mRNAs as infection progresses and pp65 RNA becomes more abundant (29) . The latter could be due to the fact that the antisense RNA was driven by a retroviral promoter which may be weak in relation to the endogenous viral promoter driving pp65 expression (8, 17) .
The block observed seems to be an early event in the replicative cycle since (i) it was not due to interference with IE protein synthesis or persistence, (ii) it was detected prior to viral DNA synthesis, and (iii) all late protein expression examined was severely reduced in antisense cell populations. Electron microscopic examination of antisense cell lines revealed an absence of dense body formation, which is not surprising in light of the fact that dense bodies consist mainly of pp65 (10) . We also observed a paucity of naked and enveloped capsids in the cytoplasm.
To rule out that inhibition of HCMV replication was due to a random variability in antisense colonies, we studied replication of virus in a number of neomycin-selected cells stabilized with nonrelevant genes and the control vector alone. Statistical analysis of the results showed that HCMV inhibition in antisense populations was well below that expected from random variation (P Ͻ 0.0000001), indicating that the inhibition of HCMV replication in antisense cell populations is not due to cell variability. In addition, we ruled out the possibility that inhibition was due to differential cell growth or to the production of IFN-mediated by double-stranded RNA formation in the antisense cell population.
In sum, antisense inhibition of UL83 can block wild-type HCMV replication in vitro in astrocytoma cells.
These results seem to contradict the work of Schmolke et al. (33) , which shows that an HCMV mutant (RVAd65) deleted of the ppUL83 ORF can replicate in vitro. This mutant was obtained by insertion of gene coding for neomycin phosphotransferase in place of UL83. No expression of pp65 from the purified recombinant virus was observed. Significantly, replication of RVAd65 in UL83-antisense cell populations was unaffected and viral progeny was obtained in the same amount as was obtained in control cells, which argues against nonspecific interference with cellular genes in UL83-antisense cells. While this result strongly indicates that the antisense inhibition of wild-type HCMV replication is specific for UL83, it raises the question as to how inhibition of an apparently nonessential HCMV gene can block wild-type HCMV replication.
We propose that a transcriptional block of UL83 could lead to an inhibition of UL82 gene expression. This view is supported by the finding that UL83 transcripts, as well as the UL82 product (pp71), were strongly inhibited in UL83-antisense cell populations infected with wild-type virus, while pp71 was expressed in normal amounts when antisense cells were infected with the RVAd65 mutant in which UL83 and UL82 are strictly associated (29) and the 3Ј sequences of the bicistronic 4-kb RNA could code for pp71. Nevertheless, a functional TATA box lies between the pp65 and pp71 ORFs, and data available in the literature indicate that pp71 is encoded late in the HCMV replicative cycle from the 1.9-kb RNA transcribed downstream of this TATA box. Our hypothesis of a UL82-mediated block of HCMV replication in UL83-antisense cell populations is supported by the very recent finding by Hensel et al. (13) that pp71 can be detected in HCMVinfected cells at early times p.i., when only the 4-kb RNA is present. This results indicates that at early times, pp71 is translated from the bicistronic 4-kb RNA which encodes pp65 and which is the target RNA in our UL83-antisense cell populations. The fact that we have so far been unable to obtain a pp71 deletion mutant implies that UL82 is indeed essential.
